Introduction
Microbial contamination of cosmetics is very crucial because of their daily use and direct contact with the skin. Their contamination arises from various sources such as environment, raw materials, and manufacturing process. 1 Several studies have revealed that cosmetic products may be contaminated with pathogenic microorganisms to different levels. [1] [2] [3] [4] Escherichia coli, Pseudomonas species, Staphylococcus species, and Bacillus species were the most commonly recovered bacteria from cosmetics. 5, 6 Contamination with pathogenic organisms can adversely affect the product stability and cause hazards to consumer health. 7 In addition, commonly used preservatives such as parabens, sodium benzoate, and phenoxyethanol have a well-known skin-sensitizing potential, and repeated exposure is responsible for the occurrence of contact allergy, especially when combined with other allergens and skin irritants. 8 The cosmetic
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hosny et al industry is also facing some restrictions regarding the use of some preservatives like parabens, which are accused of causing breast cancer. 9 Therefore, there is a need for incorporation of more safe and effective antimicrobial agents in cosmetics.
Inorganic powders such as zinc oxide (ZnO) represent a promising alternative to these harmful organic preservatives. ZnO is listed as "generally recognized as safe" by the US Food and Drug Administration (21CFR 182.8991) and is widely used in topical pharmaceutical preparations. 10 Several mechanisms have been proposed to account for the antimicrobial activity of ZnO: photochemical reactions coming from the semi-conductive properties of ZnO which generate reactive oxygen species capable of damaging the cell membranes of microorganisms, the partial dissolution of ZnO particles which releases cytotoxic Zn 2+ ions in water, and the adsorption of ZnO particles onto the microbial cells that destabilizes the microbial cell walls. 9 The compatibility of ZnO with different formulation ingredients in some topical preparations had been described by Pasquet et al. 10 Nanotechnology represents a new research area of modern science. The antimicrobial activity of metal oxide nanomaterials has become of great concern. Their inhibitory effect on both Gram-positive and Gram-negative bacteria has been recently reported and zinc oxide nanoparticles (ZnO NP) exhibited the best activity compared to all tested metal oxide nanomaterials. 11 Nanosized particles of ZnO have been claimed to possess pronounced antimicrobial activities than larger particles; considering the fact that the small size (less than 100 nm) and the high surface-to-volume ratio of NP allow for better interaction with bacteria. 12 Pasquet et al 9 revealed that the antimicrobial properties of ZnO particles are highly affected by its physicochemical properties. This phenomenon may not be prominent in the NP of ZnO due to their small diameter which helps in their dispersion in solutions.
Swaroop et al 13 reported an increase in the antibacterial properties of ZnO NP with γ irradiation, on two tested Gram-negative bacteria (Klebsiella pneumoniae and P. aeruginosa). However, there are no studies considering the effect of γ irradiation on the antimicrobial properties of ZnO NP against other organisms. In this regard, ionizing radiation has been reported to modify the specific surface area of some solids. 14 This study aimed to test the possible use of ZnO NP, either unirradiated or γ-irradiated, as a safe compatible effective preservative in different cosmetic preparations. The sustainability of this preservative effect upon storage was also tested.
Materials and methods samples
Six types of cosmetic products, without the addition of any preservatives, were used: sunblock cream, foundation cream, moisturizing cream, body lotion, face cream, and scrub cream. The constituents of the tested products are given in Table S1 . They were supplied by Dr Joe Factory and Jolly for cosmetics, Cairo, Egypt. All the samples were stored at 4°C until use. Prior to use, the samples were inspected for any physical defects. Propylparabens and phenoxyethanol were supplied by Dr Joe Factory and Jolly for cosmetics, respectively. ZnO NP with diameter of 1-100 nm were purchased from Sigma-Aldrich (code: 544906, St Louis, MO, USA). They have a formula weight of 81.39 g mol -1 and a specific surface area of 15-25 m 2 g -1 .
Microorganisms
Standard microorganisms were purchased from VACSERA (Giza, Egypt), and these were P. 
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Zinc oxide nanoparticles as a cosmetic preservative (less than 10 CFU/plate) after subculturing was taken as MBC for bacteria and MFC for C. albicans. All measures were taken in duplicate. 16 Efficiency of ZnO NP as a preservative compared to some commonly used preservatives A challenge test was used to investigate the efficiency of ZnO NP as a compatible preservative in the tested cosmetic preparations. 17 . Each product was divided into three equal parts and the test preservatives were added in the following concentrations: ZnO NP (0.62 µg g -1 ), propylparabens (0.3%), and phenoxyethanol (2%). 18, 19 All inoculated samples were shaken and incubated at 25°C for 28 days. Two grams of the inoculated samples were removed on days 0, 7, 14, and 28 and serially diluted in saline to determine their total aerobic microbial count. The efficiency of the dilution as a neutralizer of the preservative activity was confirmed through validation of the recovery of tested organisms.
According to United States Pharmacopeia (USP) 2014, the preservative in a tested sample will pass the test if it causes a reduction in the total aerobic microbial number of the challenging bacteria by .2 log reduction, from the initial count after 14 days, and no increase from the 14 days count after 28 days of challenge, and no increase from the initial count after 14 and 28 days of challenge with fungi. 17 antimicrobial activity of γ-irradiated ZnO NP in cosmetic preparations
The use of γ irradiation in microbial decontamination is advantageous for finished cosmetic products as well as raw materials. This method does not leave residues that can be harmful to workers or consumers. 20 In addition, γ irradiation was found to enhance the antimicrobial activity of ZnO NP. 13 Therefore, the antimicrobial activity of in situ γ-irradiated ZnO NP was determined through measurement of their inhibition zone diameter against different standard and isolated microbial strains as well as through determination of their effect on the total aerobic microbial count of the different tested preparations.
ZnO NP were added to each preparation at their MIC (0.62 µg g -1 ). The preparations were then divided into equal parts and exposed to different γ radiation doses (1, 3, 5, 7 kGy). γ-Irradiated cream portions without ZnO NP were used as a control.
Determination of inhibition zone diameters against different standard and isolated microbial strains
Overnight cultures of standard and isolated test organisms (S. aureus, P. aureginosa, E. coli, and C. albicans) were diluted to 5×10 6 CFU mL -1 in nutrient broth and streaked on the surface of solidified tryptic soy agar and Sabouraud dextrose agar plates for bacteria and C. albicans, respectively. Wells were then made in the inoculated agar plates and loaded with 50 µg of tested cream portions. The plates were incubated overnight at 37°C, and the diameters of the inhibition zones were then determined. The inhibition zone diameters were considered as a measure of the antimicrobial activity of irradiated ZnO NP in different tested preparations against standard and isolated microbial species. 21 
Determination of the total aerobic microbial count in tested preparations
One gm from each tested preparation was mixed with 9 mL sterile saline-tween and tenfold serial dilution was made in the same diluents. Aliquots of 0.1 mL were taken from each dilution and spread, in duplicate, on sterile plates containing tryptic soy agar. They were incubated at 35°C±2°C and examined daily for up to 72 h. The mean of the count of duplicate plates was reported in CFUmL -1 .
Testing the possible effect of γ irradiation on the size of NP Dry ZnO NP powder was suspended in deionized water at a concentration of 0.62 µg mL -1 . This was sonicated at room temperature for 10 min to form a homogenous suspension. The resulting solution was divided into two portions and irradiated with either 3 or 7 kGy γ radiation doses, at room temperature. The average particle size of all samples was studied using Dynamic light scattering (DLS; Malvern, Malvern, UK) and transmission electron microscope (TEM; JEM-2100, Jeol USA, Inc., Peabody, MA, USA). 22 The particle size of unirradiated solution was used as control.
antimicrobial activity of unirradiated and γ-irradiated ZnO NP during product storage
The antimicrobial activity of ZnO NP during product storage was tested. Each product was divided into three equal parts in separate containers; ZnO NP (0.62 µg mL -1 ) were added to two of them, and one of the ZnO NP-containing preparations was exposed to γ irradiation dose of 7 kGy (the highest effective dose). The third container was used as a control with no added preservative. The containers were stored for 10 months, and samples were withdrawn every 2 months for the determination of total aerobic microbial count, as described in the "Determination of the total aerobic microbial count in tested preparations" section.
Results and discussion
MIc and MBc/MFc of ZnO NP
The MIC and MBC were the same for both the standard and isolated microorganisms: 0.31, 0.16, 0.62, and 0.31 µg mL
for E. coli, S. aureus, P. aeruginosa, and C. albicans, respectively. This indicated that ZnO NP are bactericidal in nature.
The differences in the susceptibility of bacteria to ZnO NP was previously reported to be related to the differences in the cell wall structure, cell physiology, metabolism, or the degree of contact. 23 The high MIC value recorded with P. aeruginosa indicated its higher resistance to ZnO NP, compared to other tested bacteria, which may be due to its intrinsic resistance caused by low intrinsic cell wall permeability and multiple efflux systems. 24 Higher MIC values of ZnO NP against E. coli and S. aureus (6.25 µg mL -1 for both) were reported by Singh et al. 12 Also, Yousef et al 25 reported higher MIC values for ZnO NP against different organisms. This variation in the MIC values in different studies may be attributed to the difference in the method used for the preparation of NP, which can affect their particle size. 25, 26 Several mechanisms were proposed for the antimicrobial activity of ZnO NP including the generation of reactive oxygen species and the release of toxic zinc ions which can inhibit the active transport and disturb amino acid metabolism. 27 The efficiency of ZnO NP as a preservative compared to some commonly used preservatives
The challenge test revealed that ZnO NP were superior to propylparabens and phenoxyethanol (the most commonly used preservative). ZnO NP were capable of fulfilling the USP criteria for preservatives used in topical aqueous preparations in all tested cosmetic preparation types, indicating their compatibility with different preparation constituents (Figure 1) . On the contrary, propylparaben was effective as a preservative and fulfilled the USP criteria for preservatives in only the sunblock, moisturizing cream, and the body scrub preparations. However, it failed USP criteria as a preservative in the foundation cream, body lotion, and the face cream (Figure 2 ). This may be caused by its incompatibility with various components of these preparations. Phenoxyethanol failed to fulfill the USP preservative criteria by the challenge test in any of the tested preparations (Figure 3) .
Failure of nonsterile products preservative is well documented. Sutton and Jimenez 28 reported that 15% of nonsterile product recalls in the years 2004-2011 were due to microbial contamination. Several cosmetic products recalls due to microbiological contamination still occur frequently. 29 Therefore, this study highlights the efficiency of ZnO NP as a superior preservative to propylparaben and phenoxyethanol. Its safety is well documented. The Scientific Committee on Consumer Safety of the European Commission has documented the safety of using ZnO NP in topical preparations as an ultraviolet filter in concentrations up to 50% without any toxic in vivo effect, either acute or chronic. They reported that ZnO NP either coated or uncoated do not penetrate the skin. They have the advantage of being transparent compared to the larger ZnO particles. 30 Several studies also documented the lack of acute dermal toxicity, sensitization, and irritation on using ZnO NP. 31, 32 The US Food and Drug Administration does not approve cosmetic preparations prior to market use. It issued a guidance on the safety of nanomaterials in cosmetic products, in June 2014. 33 Since then, ZnO NP have been incorporated in a lot of sunblock preparations, 34 and there has been no documented FDA product recall due to its use. 35 antimicrobial activity of γ-irradiated ZnO NP in cosmetic preparations
The antimicrobial activity of γ-irradiated ZnO NP in the tested cosmetic preparations was confirmed by the presence of inhibition zones as well as by the reduction in the total aerobic microbial count in all tested cosmetic preparations compared to the control (Figures 4 and 5) . Cosmetics without ZnO NP did not show any inhibition zone against the tested microorganisms. The presence of ZnO NP reduced the initial aerobic microbial count in all of the tested preparations by at least one log. The antimicrobial activity of ZnO NP has been previously reported by Yousef et al, 25 Wang et al, 26 Liu et al, 36 Rizwan et al, 37 and Vani et al. 38 However, in our study, we proved the compatibility of ZnO NP with the different tested cosmetics and its possible use in the preservation of these preparations. By applying different γ radiation doses to the 
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Zinc oxide nanoparticles as a cosmetic preservative preparations containing ZnO NP, the antimicrobial activity of ZnO NP was enhanced with the increase in the radiation dose. This was indicated by the increase in zone diameters against the tested microorganisms ( Figure 4 ) and the decrease in the total aerobic microbial counts ( Figure 5 ) until complete microbial decontamination at 3 or 5 kGy depending on the type of the preparation. The effect of γ radiation on the antimicrobial activity of ZnO NP has been reported previously on K. pneumoniae and P. aeruginosa. 15 In this study, it was clear that applying γ radiation on ZnO NP resulted in enhancing its antimicrobial activity against S. aureus, E. coli, C. albicans, and P. aeruginosa. The γ-irradiated ZnO NP produced their antimicrobial activity in all tested cosmetic creams, indicating their compatibility with the tested constituents and the possible use of this combination in their preservation. The effect of γ irradiation may be due to its activation of ZnO NP and the production of H 2 O 2 that can penetrate the microbial cell membrane and kill the bacteria. 25, 39, 40 Also, it may be due to the reduction in the specific surface area of the particles by irradiation, as reported for some solids.
14 This possible size reduction was further tested by using TEM and DLS analysis. 
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The effect of radiation on the size of ZnO NP
The results of the DLS measurement indicated a reduction in the size of ZnO NP with γ irradiation, with the particle size decreasing with the increase in the radiation dose. The predominant particle sizes were 127.5, 110.1, and 7.5 nm for unirradiated, 3, and 7 kGy-irradiated ZnO NP, respectively (Table 1) . A similar reduction in ZnO NP size with 
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Zinc oxide nanoparticles as a cosmetic preservative 6 months. However, the count reached 10 2 CFUmL -1 after 8 months in most preparations, with no increase thereafter. γ-irradiated ZnO NP were superior to unirradiated nanoparticles and kept the microbial count below the detectable level (10 CFUmL ) for up to 10 months except in body scrub preparation where the count reached the acceptable limit (10 2 CFUmL -1 ) after 10 months (Figure 7 ). This confirmed 
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Zinc oxide nanoparticles as a cosmetic preservative the efficiency of ZnO NP as a preservative in cosmetic preparations and the effect of γ radiation on enhancing their activity. In addition, unirradiated and γ-irradiated ZnO NP proved to be compatible with the components of the tested preparations during the product storage. The only limitation of this study is the short storage period, and so longer storage periods need to be tested.
Conclusion
ZnO NP have a strong antimicrobial preservative activity against pathogenic organisms in topical preparations. This activity is enhanced by γ irradiation, mainly due to particle size reduction. ZnO NP provide a superior, safe, and more effective alternative to commonly known preservatives, and they also proved to be stable on storage.
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